Host-independent (H-I) derivatives of Bdellovibrio bacteriovorus 109 Davis could not be isolated when concentrated suspensions of host-dependent (H-D) cultures, washed free of spent medium, were plated on host-free media. However, H-I colonies did appear when spent broth was incorporated into the isolation medium, indicating the presence of a factor in the spent medium essential for the growth of H-I cells. This growth factor (GIF) was also present in cell-free extracts of Escherichia coli and a variety of other microorganisms including H-D and H-I derivatives of strain 109 Davis. GIF was heat stable, non-dialyzable, and present in both soluble and particulate fractions of extracts. Heating of extracts at 70 C for 10 min resulted in 10-to 40-fold stimulation in GIF activity, and evidence for a heat-labile inhibitor was obtained. Colonies appearing on host-free medium in these experiments were shown to be those of typical H-I derivatives by isolation and subsequent host-independent cultivation of these organisms. GIF was a conditional requirement dependent on age and size of inoculum for all H-I derivatives characterized. Although GIF stimulated the growth of washed exponential phase cells transferred to fresh medium, it was not essential for growth. However, it was essential for the initiation of growth of washed stationary phase cells from small inocula transferred to fresh medium. It is proposed that GIF is required to initiate growth of metabolically quiescent cells.
Bdellovibrio bacteriovorus has long been considered an ideal model of an endoparasite (7) . However, the biochemical basis for parasitism still remains unknown despite extensive work devoted to this problem. The host-dependent (H-D) bdellovibrios multiply only within susceptible bacterial hosts. Host-independent (H-I) derivatives capable of growing on hostfree media can be isolated from such H-D cultures. In an attempt to elucidate the nature of this host-parasite relationship, we have recently started a comparative study between H-D and H-I derivatives of B. bacteriovorus strain 109 Davis. During the course of this work, it was discovered that H-I derivatives could not be isolated from an H-D culture which was washed free of spent medium. In this report, experiments are described indicating that there is a factor in the spent medium which is required to initiate growth of H-I derivatives of Bdellovibrio. This factor (GIF) has also been demonstrated in cell-free extracts of a variety of microorganisms.
MATERIALS AND METHODS

H-D Bdellovibrio culture. H-D B. bacteriovorus strain 109 Davis was purchased from the American
Type Culture Collection (ATCC 15143). Escherichia coli B-23, cultured in enriched nutrient broth (NB; 4), was used as the host organism. H-D cultures were grown in dilute NB (NB/10) as described previously (4) . Plaque-forming units (PFU) were enumerated on E. coli lawns using NB/10 agar double-layer plates by the method of Seidler and Starr (4) . H-D bdellovibrios used for preparation of extracts were grown in 2-liter batches. Bdellovibrios were freed from cell debris and intact hosts by methods described below. They were harvested, washed twice with distilled water, and stored as frozen pellets.
H-I Bdellovibrio strains. All H-I derivatives were isolated in this laboratory and routinely cultured in peptone-yeast extract medium (PYE; 5) supplemented with heated E. coli extracts as described below.
Other organisms. In some experiments, heat treatment of extracts was performed directly in melted top-layer agar. The treated mixture was cooled to 45 C and plated immediately. This method yielded results comparable to those obtained with extracts heated in Tris.
Enumeration of H-I CFU in growth experiments. H-I CFU were determined by plating appropriate dilutions of samples from growth flasks on PYE agar double-layer plates as described for the standard plate assay. A predetermined optimum concentration of heated E. coli extract (see Fig. 3 
RESULTS
Spent medium or E. coli extract as requirements for H-I growth. While attempting to isolate H-I derivatives of strain 109 Davis, it was repeatedly noted that no H-I colonies developed when concentrated H-D inocula washed free of spent medium were plated on a variety of host-free media. In contrast, unwashed H-D inocula gave frequencies of approximately 1 to 20 H-I CFU per 109 PFU. This suggested the presence of a requirement(s) for H-I growth in the spent medium. This H-I growth factor appeared to be either produced by Bdellovibrio or released upon lysis of the host, E. coli, since incorporation of fresh NB/10 into host-free media did not result in H-I growth. These ideas were confirmed in the experiment described in Table 1 tial phase E. coli were devoid of activity. H-I growth occurred in only one of eight experiments when concentrated H-D cells were plated on lawns of viable E. coli (1 H-I CFU per 6 x 10' PFU).
Effect of heat treatment on activity of extract. Heat-inactivated host cells can still support at least some growth of H-D bdellovibrios (7), suggesting that host factors required by the parasite are heat stable. Heat stability of GIF in E. coli extracts was tested because of the possible relationship between H-I and H-D growth requirements. A 10-fold stimulation in activity was observed when an extract was pre-treated at 70 C for 10 min (Experiment 1, and particulate portions of an extract (Experiment 2, Table 2 ). Furthermore, heat treatment was stimulatory for both fractions.
Activity of extracts heat-treated for 10 min was examined over a wider temperature spectrum (Fig. 2) . Optimum activity in three separate experiments was obtained after heating extracts at 70 C. Although significant activity was retained after autoclaving, GIF exhibited some heat lability.
Evidence for heat-labile inhibitor in extracts. General effects of varying E. coli extract concentrations on H-I growth are shown in Fig.   3 . In no instance could GIF activity in untreated extracts be raised to levels obtained with heattreated extracts, and large amounts resulted in complete inhibition of H-I growth. Inhibitory effects were also observed at higher concentrations with four heat-treated extracts. However, inhibition did not occur with two other heated extracts, and activity essentially levelled off at higher concentrations. The presence of a heatlabile inhibitor could account for these observations. Apparent variations in GIF activity of different heat-treated extracts could then be attributed to differences in inhibitor concentrations. Extracts exhibiting inhibition at higher concentrations may contain larger quantities of inhibitor which were not inactivated by heattreatment. If so, extending the period of heattreatment may be sufficient to inactivate the residual inhibitor in these extracts. Experiments designed to test this possibility were not entirely successful because prolonged heat treatment also appeared to inactivate GIF. Treatment at 70 C for 20 min decreased activity twofold as shown in Fig. 3 
a Optimum activity of the E. coli extract used was obtained with 0.2 mg of protein heated at 70 C/10 min per 4 ml of top-layer agar. GIF activity was constant when up to 1 mg of protein/4 ml of top-layer agar was used.
b Extract (0.3 mg of protein) was added to tubes of 4 ml of molten top-layer agar, heated at 70 C/10 min, and cooled to 45 C. Designated amounts of untreated extract were added just prior to plating. Extracts were replaced with Tris in controls. Inoculum was 1.2 x 109 PFU per plate. each experiment, one containing no extract, another supplemented with untreated extract, and a third supplemented with heat-treated extract. Each flask was inoculated with washed H-D Bdellovibrio at a final concentration of approximately 5 x 108 PFU per ml. Samples were taken periodically for microscope examinations, and assays for changes in optical density, PFU, and H-I CFU were performed. As shown in Fig. 4 , PFU decreased rapidly over the first 6 days of incubation in all three cultures. However, survival appeared to be enhanced about 10-fold in the presence of extracts. H-I CFU titers increased only 10-and 100-fold in the absence of extract and in the presence of untreated extract, respectively (Fig. 4A, B) . Further incubation of these cultures resulted in no significant changes, and viable H-I CFU actually began decreasing after 2 weeks. In contrast, H-I derivatives multiplied in the presence of heated extract, reaching a maximum population of 109 H-I CFU per ml after 10 days (Fig. 4C ). In addition, a 10-to 20-fold increase in PFU per ml was consistently observed during the period corresponding to the rapid increase in H-I CFU titer. This may be due to multiplication of facultatively parasitic strains since, as shown below, many of the H-I derivatives still possessed parasitic capabilities when tested shortly after initial isolation. These results correlated well with microscope observations. The inoculum consisted of typical actively motile bdellovibrios. The most striking observation was the lack of cell elongation in the absence of extracts. At best, a few cells doubled in length in 24 h. Extensive spheroplasting occurred after 36 h, and normal bdellovibrios were observed only rarely after this period. By comparison, cells grew at least five times in length within 24 h in the presence of extracts. Although spheroplasting also occurred in these cultures, it was not as extensive as that observed in cultures without extracts. Organisms in older cultures were heterogenous in length, some having elongated as much as 60 times. Shorter cells, presumably arising through division of long cells, predominated when cultures reached maximum populations. This was most pronounced in the presence of heated extracts.
The increase in optical density observed in the presence of untreated extract (Fig. 4B) may be attributed to cell elongation since no elongation or increase in turbidity occurred in the absence of extracts (Fig. 4A ). This experiment clearly demonstrated the presence of a factor(s) in E. coli extracts which was required for cell elongation. Furthermore, multiplication was inhibited in untreated extracts, presumably by a heat-labile inhibitor. These observations are consistent with those obtained with the plate assay. It should be mentioned that significant cell elongation occurred in the absence of extracts when inocula exceeding 109 PFU per ml were used. Furthermore, survival of PFU was greatly enhanced. However, H-I CFU increased only 50-to 400-fold in 2 weeks and never reached densities obtained with heated E. coli extracts. H-I multiplication with large inocula may be due to release of GIF upon lysis of Bdellovibrio.
Frequency of host-independence. In experiments employing optimum concentrations of heated E. coli extracts, we have consistently obtained frequencies of approximately 100 to 400 H-I CFU per 109 PFU. These values are comparable to those reported by Seidler and Starr (5) and are within range of a single mutational event. In end-point dilution experiments, no H-I CFU appeared when less than 107 PFU were plated.
Isolation of H-I derivatives. Organisms growing on host-free media were isolated to confirm that they were H-I derivatives. Both rapidly developing, large-colony (H-Il) and slowly developing, small-colony (H-Is) types were picked at random, inoculated into 1 ml of PYE broth, and incubated up to 3 weeks. By this method, we obtained growth of only 25% of the H-Il and 3% of the H-Is strains picked. However, by a modified procedure in which a predetermined optimum concentration of heated E. coli extract was added to the PYE isolation broth, we were able to obtain growth of 92% of the H-Il and 47% of the H-Is strains picked. No growth occurred when untreated extracts were used. Further purification of these cultures was achieved by streaking on PYE agar plates containing heated extract. Isolated colonies did not develop when the extract was excluded from the medium, and confluent growth occurred only near the initial area of the streak. It is clear from these results that the colonies appearing on our plate assays were those of H-I derivatives. Furthermore, these observations again emphasize the existence of a growth factor for H-I derivatives in E. coli extracts.
All isolates were morphologically similar to H-I derivatives described previously. No detectable differences in the growth characteristics (including colony sizes) of H-Il and H-Is strains were observed, and it is probably fortuitous that some colonies develop more slowly than others in our plate assays. Of 12 strains selected for more extensive characterization, 4 were facultatively parasitic when tested after five transfers on host-free PYE. Over 90% of the H-I CFU plated formed plaques on lawns of viable E. coli. These plaques were indistinguishable from those of the H-D parent, and no evidence for central colony formation within plaques was observed. Cells picked from plaques were capable of growing on host-free medium. Further work on these isolates is in progress.
Nature of GIF requirement. The effects of an E. coli extract on growth of an H-I derivative, strain E-2, was studied. Washed exponential-phase cells transferred to fresh PYE broth grew in the absence of extracts (Fig. 5) . However, addition of extracts to these cultures clearly stimulated growth. Although initial growth rates in the presence of heated and untreated extracts were identical, the inhibitory effect of an untreated extract became apparent after 24 h.
Typical growth curves for washed stationary phase cells transferred into fresh broth are shown in Fig. 6 . No growth occurred in unsupplemented PYE even after 3 weeks of incubation. In fact, cell viability decreased progressively after 2 to 3 days. Extracts were required to initiate growth of these cells although growth rate and maximum cell density were markedly reduced in the presence of untreated extracts. The response of washed stationary-phase cells to varying concentrations of heated E. coli extract is shown in Fig. 7 . A narrow range of optimum extract concentrations was observed. Lower growth rates resulted at supraoptimal and suboptimal concentrations. No growth occurred in the absence of extract. Low inoculum densities were necessary to reproducibly demonstrate the initiation of H-I growth by GIF . These results may explain previous obscure observations such as the necessity of using large inocula to obtain growth of H-I derivatives (6) . Furthermore, earlier reports of the successful isolation of H-I bdellovibrios (5, 6, 8, 9) could be attributed to use of unwashed H-D inocula. The discovery of this requirement has led to the development of a simple and reliable method for isolation of H-I derivatives from strain 109 Davis. The salient features of our system can be summarized as follows. Young cultures were used since, in our experience, vibrioid cells elongated in older cultures. Preliminary low-speed centrifugation removed cell debris and residual hosts which tended to cause rapid clogging of membrane filters. Complete removal of host cells was assured by passage through a 0.45-,Am filter. Bdellovibrios in the filtrate were aseptically concentrated by centrifugation and were plated on PYE agar double-layer plates. We recommend the use of lawns of autoclaved cells to facilitate detection of H-I colonies and incorporation of heated E. coli extracts for optimum development of H-I CFU. Furthermore, routine addition of heated extracts to isolation media enhanced recovery of H-I derivatives picked from plates. We have encountered three potential problems in using this technique as a routine assay for GIF.
Firstly, use of inocula exceeding 10O PFU per plate sometimes resulted in development of H-I colonies in the absence of added GIF. This may be due to (i) release of GIF upon lysis of bdellovibrios; or (ii) a cooperative feeding phenomenon related to the inoculum-dependent H-I colony formation noted by Shilo and Bruff (6) . Secondly, H-I colonies formed on lawns of some batches of autoclaved cells presumably due to the inherent heat stability of GIF and its release during the heat-killing process. Although lawns of killed cells can be eliminated, small H-I colonies are difficult to detect. The possibility of overcoming this problem by using backgrounds of insoluble proteins or purified cell wall fractions is being investigated. A third problem involves the complete removal of host cell debris from H-D inocula by low-speed centrifugation since this material is rich in GIF.
Our studies on the growth of H-I derivatives in broth cultures of the H-D strain clearly showed that extracts were required for cell elongation. This confirms the observations of Reiner and Shilo (3) who recently described a system in which cell-free extracts supported limited extracellular growth of Bdellovibrio.
They, however, did not quantitate cell multiplication in their system. They also failed to determine whether growth was due to H-I or H-D cells. We have shown that substantial multiplication occurred only in the presence of heated extracts and that this was attributable to growth of H-I cells within the population. In Reiner's (3) system, incorporation of 3H-thymidine into Bdellovibrio deoxyribonucleic acid (DNA) was reported to be dependent on the presence of extracts. In our hands, this assay has proven to be unreliable. In fact, we have found that DNA synthesis was inhibited in H-D Bdellovibrio cultures supplemented with untreated E. coli extracts; the inhibitor was inactivated by heat-treatment (unpublished data). Although cells elongated in the presence of untreated extracts, multiplication was insignificant. This is consistent with the well documented observation that cell division is closely coupled to DNA synthesis (1) . This apparent discrepancy between our data and those of Reiner and Shilo (3) is difficult to reconcile but may be due to inherent differences in methods and in Bdellovibrio strains used. On the basis of our present information, it seems probable that the growth factor with which we are concerned is not identical to Reiner's factor.
The occurrence of GIF appeared to be widespread among microorganisms. Moreover, all extracts examined except those of Bdellovibrio contained a heat-labile inhibitor(s). Assuming that the age of a cell is directly related to its metabolic state, our preliminary data suggest that GIF is required by metabolically quiescent cells (cells possessing maintenance metabolism but lacking a function(s) required for growth). This key function(s) apparently remains inoperative in H-I bdellovibrios upon transfer to fresh media. Our results suggest that H-I cells can synthesize GIF. It is therefore possible that metabolically quiescent H-I cells are incapable of initiating synthesis of GIF and require an exogenous source of it to initiate growth. 
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